ABSTRACT
Introduction
Nonalcoholic fatty liver disease (NAFLD) has dramatically increased in prevalence and become one of the most common liver diseases in industrialized nations [1, 2] . NAFLD includes a broad spectrum of clinico-pathological entities from simple steatosis to steatohepatitis, and cirrhosis. Nonalcoholic steatohepatitis (NASH) is one stage of NAFLD complicated with necroinflammation either with or without fibrosis. A certain portion of patients with NASH may progress to liver cirrhosis, develop hepatocellular carcinoma, or suffer a liver death [1] . Currently, no established treatments for NASH exist [3] . Therefore, effective, safe, and tolerable treatments to prevent the progression of NASH to cirrhosis are needed.
Oxidative stress is thought to play a pivotal role in NASH progression [4] . The intracellular sources of reactive oxygen species (ROS) includes various enzymes such as cytochrome P450 enzymes (e.g., cytochrome P [CYP] 2E1), NADPH oxidase, lipoxygenases, cyclooxygenases, and xanthine oxidase in addition to mitochondria. Among them, mitochondria are considered as a major source of ROS, particularly in the cells that have high concentrations of mitochondria such as heart and liver [5] . Generation of ROS occur through physiological mitochondrial oxidative phosphorylation; however, it enormously increases under mitochondrial abnormalities [5] . Functional and morphological mitochondrial abnormalities and depressed expression of functional proteins in mitochondria observed in the NASH liver suggests that oxidative stress is one of the promising therapeutic target in patients with NASH [6] [7] [8] .
Previous studies showed that obese subjects, especially subjects with NASH have impaired hepatic ATP homeostasis. Hepatic recovery following hepatic ATP depletion induced by fructose infusion become progressively less efficient as body mass index (BMI) increased and was severely impaired in patients with NASH in a study using nuclear magnetic resonance spectroscopy [9] . Since ATP supplementation is crucial for cellular functions to maintain cell viability as well as recover from injury, the impaired hepatic ATP homeostasis in NASH may also contribute the NASH progression. L-alanine is a glycogenic amino acid used as a substrate of ATP synthesis. A series of previous animal studies showed potential therapeutic effects of L-alanine in various murine models of liver injury, i.e., D-gal-induced acute liver failure, carbon tetrachloride-induced liver injury in rats, ethanol and hydrazine-induced chronic liver failure models [10] [11] [12] . The administration of L-alanine significantly increased ATP content in the liver following ATP depletion induced by D-gal when compared with control groups. L-alanine administration also enhanced gene expression related to mitochondrial function, such as subunits of F0/F1 ATPase, cytochrome C oxidase and some components of the tricarboxylic acid (TCA) cycle [11] . Furthermore, recent studies suggested that the protective effects of L-alanine are related to the restoration of ATP content [13] .
To date, there are limited data from human studies [14] . However, the evidence from animal studies provided the hypothesis that the long-term administration of L-alanine may improve necroinflammation and fibrosis in patients with NASH through the augmentation of ATP and regulation of energy metabolism. Based on the rationale described above, we conducted a pilot clinical trial to assess the therapeutic efficacy as well as the safety of Lalanine supplementation in patients with NASH.
Specific aims were to assess in patients with histologically confirmed NASH 1) the safety and tolerability of long-term L-alanine supplementation and 2) the therapeutic efficacy of long-term L-alanine supplementation by evaluating liver biochemistry and histological findings.
Methods
Study design: This study was an open-label, single-center clinical trial conducted at Mayo Clinic, Rochester, MN. Participants received the study medication for 12 months and were followed as detailed below. The trial was approved by the Institutional Review Boards at Mayo Clinic, Rochester, MN.
Participants: Patients with histologically confirmed NASH who met entry criteria were enrolled in this study. Steatohepatitis was defined as steatosis with moderate to severe hepatocellular injury indicated by ballooning degeneration and diffuse mixed lobular inflammation with or without perisinusoidal and perivenular fibrosis, according to the Brunt classification [15] . Inclusion criteria were: 1) age between 18 and 75, 2) histological diagnosis of NASH made within one year of entry, 3) alcohol consumption of less than 20 g/day, and 4) transaminase levels [alanine aminotransferase (ALT) or aspartate aminotransferase (AST)] more than 1.5 times the upper normal limit on at least two occasions with one assessment at three months or more prior to treatment of this study. The following patients were excluded from this study: patients who had 1) any causes for liver disease other than NASH, 2) use of drugs causing steatosis-associated liver diseases within past 6 months (e.g., steroids, tamoxifen, amiodarone, and methotrexate), 3) decompensated liver disease, 4) any previous experimental treatment of NASH within the past 3 months, 5) pre-existing diseases/situations that could interfere with the results or the completion of this trial (e.g., uncontrolled diabetes mellitus, renal or liver transplant patients, and severe cardiovascular dysfunction), and 5) pregnant women. The study was conducted in compliance with the Declaration of Helsinki and approved by appropriate regulatory bodies. All patients gave written informed consent for participation.
Study medication: The therapeutic efficacy and safety of 18 g/day of L-alanine (equivalent to 0.3 g/kg/day) (Ajinomoto USA, Fort Lee, NJ) was evaluated in this trial. To ensure safety, the medication was started with a dosage of 6 g per day (equivalent amount of daily intake of L-alanine from foods in persons consuming 100 g of protein per day), then gradually increased to 18 g/day. More specifically, participants took 6 g of L-alanine (powder) once per day for the first month, twice per day (12 g/day) for the second month, then three times per day (18 g/day) from the third month for 10 months.
Baseline evaluation and monitoring: At enrollment, a complete medical history, physical examination, and laboratory assessment including serum liver biochemistries, fasting blood glucose, and lipid profile were performed. During the study period, adverse reactions and compliance were checked through phone contact at 1, 2, 3, 6, 9, and 12 months. Patients were also asked to record any symptoms, concomitant medication use, compliance, lifestyle changes, and body weight on the provided diary during the study. The participants were examined for liver histology and anthropometric measures at baseline and 12 months and serum liver enzymes [i.e., ALT and AST] at baseline, 1, 2, 3, 6, 9, and 12 months. Renal function and electrolytes (blood and urine) were also assessed at baseline, 1, 2, 3, and 12 months to monitor for safety.
Liver histology: The histological findings at baseline and final evaluation were reviewed by a pathologist blinded to the patient's identity as well as to sequence of biopsy. We evaluated the following histologic features of NAFLD in this study: the grades of steatosis, lobular inflammation, and the stage of fibrosis according to Brunt criteria. [15] Briefly, steatosis was graded into 0 to 3 based on the percentage of affected hepatocytes: < 5% (grade 0), 5-33% (grade 1), 34-66% (grade 2) and > 66% (grade 3). Lobular inflammation was graded into 0 to 3 based on the numbers of inflammatory foci per 20× field: 0 (grade 0), < 2 (grade 1), 2-4 (grade 2), and > 4 (grade 3 Statistical analysis: Safety of the study medication was assessed based on the proportion of patients who developed adverse reactions (e.g. symptoms, signs, illnesses, and accidents) during the trial as well as the severity of the reactions. The efficacy of the treatment was assessed by 1) changes in serum liver enzymes (ALT and AST) and 2) changes in histologic grades or stage. Changes in serum liver enzymes were calculated as differences from entry, rate of change per month in serum liver enzymes using all available measures, and as proportion of patients with normalization (and improvement) at 12 months. ALT and AST normalization were defined using the reference ranges used at Mayo Clinic (ALT: < 55 IU/L for males and < 45 IU/L for females; AST: < 48 IU/L for males and < 43 IU/L for females). Improvement of each histological finding (steatosis, lobular inflammation, and fibrosis) was defined as at least one level of improvement at 12 months. Confidence intervals for proportions were calculated using the Wilson score method. The study was designed to have 80% power to detect changes equal to 1 standard deviation (SD) in AST or ALT change with a sample size of 8. With 6 subjects, there was 80% power to detect a change equal to 1.15 SD. Statistical analyses was conducted using JMP statistical software version 7.0 (SAS Institute Inc.), R version 2.8.1 [16] , and Stata version 10.1 (StataCorp, College Station, TX).
Results

Study Accrual and Patient's Characteristics
A total of 11 patients were enrolled in this trial. Out of the 11 patients, two decided not to participate before the study; therefore, 9 patients received the study medication.
Out of the 9 patients, 3 patients were withdrawn at 5, 6, and 11 months without completing the one-year medication for the following reasons: receiving bariatric surgery and being bothered by too many urine tests (n = 1), symptom (i.e., nausea) due to the medication (n = 1), and unspecified reasons (n = 1).
Baseline clinical characteristics of the study population (n = 9) are summarized in Tables 1(a) and 1(b) . Briefly, mean age with standard deviation was 57.4 ± 9.3 years old. Of the 9 subjects, 4 were male. Three had diabetes mellitus (stable, well-controlled), 4 had hypertension, and 4 had hyperlipidemia. Two patients had cirrhosis (stage 4).
Of the 6 patients who completed the study, 4 lost weight during the study period. Mean weight changes and % weight change at 12 months with standard deviation were −2.8 ± 5.6 kg and −1.9 ± 4.7%, respectively.
Study Medication Compliance
Compliance information was available in 4 out of the 6 patients who completed one-year of medication: 100% compliance in two, > 98% in one, and 2 week cessation in one due to hospitalization (pre-existing renal dysfunction). The information was not available in the other 2 patients.
Safety Evaluations
There were three adverse incidence reports from 3 individuals in this study (33.3%, 95% CI: 12.1%-64.6%): diarrhea in one patient who completed the study medication, nausea in another patient who requested withdrawal and renal dysfunction in conjunction with pre-existing renal disease in yet another patient who did complete the study medication after 2-week drug cessation. Otherwise, there were no reported gastrointestinal distress or adverse changes in renal function test [blood urea nitrogen (BUN), creatinine, and creatinine clearance].
Efficacy Evaluations
Changes in serum ALT and AST of all 9 enrolled patients are shown in Figure 1 and Table 2 . Of the 6 patients who completed the study, 5 (83%, 95% CI: 44%-97%) showed improvement in serum ALT, and 4 (67%, 95% CI: 30%-90%) showed improvement in serum AST. ALT (or AST) normalization was observed in 3 (50%, 95% CI: 19%-81%) patients. For serum ALT, mean rate of change was −1.7 (sd = 3.0) IU/L/month (p = 0.20). For serum AST, mean rate of change was −1.5 (sd = 5.5) IU/month (p = 0.30). The observed changes in serum aminotransferases were not correlated with degrees of weight changes during the study period (data are not shown).
Histological evaluation revealed that out of 6 subjects, one (17%, 95% CI: 3%-56%) showed improvement in steatosis, one showed improvement in lobular inflamma-tion, but zero (0%, 95% CI: 0%-39%) showed improvement in fibrosis.
Secondary Analysis
We further analyzed associations of the response of ALT (or AST) to the study medication with age, gender, body weight changes, baseline serum aminotransferase values, and baseline histology. As shown in Figure 2 , there was a positive correlation between baseline fibrosis stage and aminotransferase change at 12 months; milder stages at baseline were associated with a greater improvement (greater negative values), while severe stages at baseline were associated with less improvement or deterioration (small negative values to a positive value). This correlation still existed when using rate of aminotransferase changes per month instead (data are not shown). No associations were observed with age, gender, body weight changes during the study period, baseline steatosis or lobular inflammation.
Discussion
In this study, we conducted a pilot study to evaluate safety and efficacy of L-alanine in patients with histologically proven NASH. The one-year treatment with L-alanine, which was preclinically shown to restore ATP content in the liver, was acceptably safe. However, currently available data in this trial did not provide hard evidence supporting the efficacy of L-alanine in patients with NASH nor ideal tolerability. The summary statistics of serum aminotransferases showed that 4 to 5 out of 6 patients had a trend of improvement (negative slope), except for patients with advanced fibrosis. Further, the observed improvement in aminotransferases was not associated with weight loss. Thus, at this point, we cannot conclude whether there is no effect of alanine or that the insignificant results were due to the low power of this small sample to detect a beneficial effect of alanine. Further, the study population in this study had mild inflammation at baseline; mean lobular inflammation grade was 1.2. Based on our recently published data, estimated probability of spontaneous improvement in hepatic inflammation in NASH patients was 3.0% for grade 1 and 17.8% for grade 2, and 60% for grade 3 [17] , as compared with 16.7% of improvement in lobular inflammation in this study. Thus, proportion of histologic improvement observed in this study should be interpreted with caution, taking into account baseline histologic grades or stage.
Next, our secondary analysis shows that aminotransferase changes (aminotransferase response to the administration of alanine) were influenced by baseline fibrosis stage. This relationship still existed even after taking account of baseline serum aminotransferase levels (data are not shown). This relationship is opposite to "the regression to the mean", which has been observed in a historical cohort of patients with nonalcoholic steatohepatitis with two-year follow-up [17] , suggesting that this association might be specifically associated with the L-alanine treatment. It would be conceivable that alanine might be effective only in patients without advanced fibrosis. However, this study cannot provide conclusive explanation for this association. Further exploration is required to delineate mechanisms explaining this possible stage-specific effect. This study has limitations. A small sample size with considerable drop-out limited our ability to assess the therapeutic effect of L-alanine with sufficient statistical power. We used liver histology as one of the study outcomes; inter-observer variance [18] and sampling error [19, 20] may have affected our findings, which need to be considered in the data interpretation. Use of newly available measures (such as cytokeratin-18 fragment [21] , transient elastography [22] ) or use of biological or physiological endpoints (such as intra-hepatic oxidative stress, hepatic ATP homeostasis measured by nuclear magnetic resonance spectroscopy [9] ) may be future consideration for assessing the effect of L-alanine.
In summary, the one-year treatment of L-alanine (up to 18 g/day) in patients with NASH was acceptably safe. This study, however, did not show significant therapeutic effects on aminotransferases or liver histology nor ideal tolerability. Considering the sampling variability, together with the above-discussed points, whether L-alanine is beneficial on patients with non-advanced NASH is still an open question. Further exploration with reconsideration of dosage and formula may be warranted.
